The EtOAc, n-BuOH, and aqueous fractions from the aerial parts of Malva verticillata have been shown to promote significant recovery from alloxan-induced pancreatic islet (PI) damage in zebrafish larvae at 10 μg/mL. Therefore, this study aimed to identify the principal active components of these plant parts and their pharmacological properties. Repeated SiO 2 and octadecyl SiO 2 column chromatography with the aerial parts of M. verticillata led to isolation of four phenolic compounds; these compounds were identified as benzyl--D-galactopyranoside (1), (-)-secoisolariciresinol-9′-O--D-glucopyranoside (2), transferulic acid (3), and trans-ferulic acid methyl ester (4) on the basis of physicochemical and spectroscopic analyses including infrared, nuclear magnetic resonance, and fast atom bombardment-mass spectroscopy. Compounds 1-4 were first isolated from M. verticillata in this study. Furthermore, compounds 1-4 recovered alloxan-induced PI damage in zebrafish. Especially, compound 3 recovered the size of the injured PIs by 83.8% (p=0.0007) compared to the alloxaninduced group, while compound 4 by 33.4% (p=0.0072). It is the first report that trans-ferulic acid (3) exhibited the protective effect on zebrafish larvae PIs damaged by alloxan.
Diabetes mellitus is one of the leading causes of mortality and disability worldwide and their relationship with pancreatic -cell in both patients and animal models was well known in several literatures [1] [2] [3] . Allopathic drugs for diabetes mellitus are limited due to a variety of side effects [4] . Ethno-botanical reports indicate that approximately 250,000 species of higher plants exist around the world, and approximately 800 natural products might have antihyperglycemic effects [5] . The oral hypoglycemic agents currently used in clinical practice are often associated with serious side effects [6] ; hence, there is a need to search for alternative antidiabetic agents that retain therapeutic efficacy but also have minimal side effects.
Malva verticillata (Cluster mallow), an annual vegetable, has been used to make herbal tea as well as medicine in Far East Asia. Several pharmacological effect of the plant such as anti-cancer, immunomodulation, NK anti-tumor, anti-diabetes and anti-oxidant activities were reported by far [3, 7, 8] . Its seeds have also been used in traditional Chinese medicine for the treatment of various diseases including diabetes [9] .
In the last decade, there has been much interest in the potential health benefits of dietary plant phenolic compounds, which have been reported for various bioactivity such as anti-oxidant, antiinflammatory, and anti-cancer effect [10] . Especially, some literature reported that phenolic compounds had a significant antidiabetic activity, showing a hypoglycaemic effect, stimulating insulin secretion, inhibiting -glucosidase activity, and modulating insulin-signaling molecules [11] [12] [13] [14] . Toward the end of the 20th century, epidemiological studies and associated secondary metaanalyses strongly suggested that long-term consumption of diets rich in plant polyphenols offer protection against the development of diverse diseases including cancers, cardiovascular diseases, and diabetes [15] . However, there are few studies on the phenolic compounds and biological activities of the aerial parts of M.
verticillata. In addition, our preliminary study showed the MeOH extract as well as EtOAc, n-BuOH, and aqueous fractions (Frs) obtained from the aerial parts of M. verticillata recovered the size of pancreatic islets (PIs) from zebrafish larvae damaged by treatment with alloxan. Therefore, the present study focused on the isolation and identification of the phenolic compounds with anti-diabetic activity from the aerial parts of this plant. Four phenolic compounds were isolated and identified from the M. verticillata and evaluated for their effects on alloxaninduced PI damage in zebrafish. [17] , transferulic acid (3) [18] , and trans-ferulic acid methyl ester (4) [19] were identified by comparison of spectroscopic data with those of the literature. Compound 1 has never been previously isolated from natural sources, but it was previously synthesized using the Fischer method [16] . Compounds 1-3 have never been found in the family of Malvaceae, and compounds 1-4 were isolated for the first time from the aerial parts of M. verticillata in this study.
The safety of M. verticillata was vertified by the Korea Ministry of Food and Drug Safety (KMFDS) and the Codex Alimentarius Commission (CAC). In our preliminary study, the toxicity of the EtOAc, n-BuOH, and aqueous Frs from M. verticillata was evaluated through zebrafish embryos survival rate test and the LC 50 values of them were determined to be 91.5, 270.9 and 401.1 μg/mL, respectively [3] . Each of the solvent Frs-EtOAc, n-BuOH, and aqueous-and compounds 1-4 were evaluated for their recovery effects against alloxan-induced PI damage in zebrafish larvae. Alloxan, a well known diabetogenic chemical, is reported to decrease β-cell mass in PIs [3] . Alloxan treatment significantly decreased PI size by 44.3% (p<0.0001) compared to the normal group (Figures 2 A, B, D , and E). Glimepiride was used as a positive control, as it promotes insulin secretion by closing K + ATP channels [3] . In the glimepiridetreated group, both PI size and fluorescence intensity significantly increased compared to the alloxan-treated group. The Frs and compounds 1-4 were added to the alloxan-treated zebrafish larvae. Treatments with EtOAc, n-BuOH, and aqueous Frs significantly increased the size of the injured PIs by 62.4% (p=0.0072), 68.6% (p=0.0012), and 90.2% (p=0.0001), respectively, compared to the alloxan-induced group. (Figures 2 A and D) . Our preliminary study identified the principal components responsible for recovery effects against alloxan-induced PI damage in zebrafish larvae of the aqueous Fr to be flavonoid 8-O-glucuronides and oligosaccharides [3] . Our ongoing study led to isolation of four phenolic compounds 1-4 from the solvent Frs. Treatment with compounds 1-4 significantly increased the size of the injured PIs by 60.8% (p=0.0051), 57.0% (p=0.0059), 83.8% (p=0.0007), and 33.4% (p=0.0072), respectively, compared to the alloxan-induced group. (Figures 2 B and E) . Compounds 1-3 showed significant recovery effect compared with glimepiride (positive control). Compound 3 exhibited the highest activity, while compound 4 exhibited a relatively weak activity indicating that the protective effect depends on whether the carboxyl group is methylated or not. Additionally, glucose uptake was assessed in the zebrafish model using 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG), which is a fluorescent dye derived from glucose modified with an amino group at the C-2 position [3] . 2-NBDG is widely utilized in diabetes study to measure the ability of cells to absorb glucose.
In this study, four phenolic compounds were isolated from the aerial parts of M. verticillata and identified. Compound 1 has never been previously isolated from natural sources, compounds 1-3 were isolated for the first time in the family of Malvaceae. Anti-diabetic activity of compounds 1 and 2 was first confirmed in this report. Although, a benzyl--D-galactopyranoside, which is similiar to compound 1, an enterodiol lignan such as compound 2, and compounds 3 and 4 were previously reported for their anti-diabetic effects [20] [21] [22] , anti-diabetic activity using zebrafish model was first confirmed. In conclusion, the solvent Frs and compounds 1-4 from the aerial parts of M.verticillata can be evaluated as promising anti-diabetic agents.
Experimental
Plant materials: The aerial parts of M. verticillata were purchased from a commercial farm in Namyangju, Korea, in April 2016, and the voucher specimen (KHU20160419) is deposited in the Laboratory of Natural Products Chemistry, Kyung Hee University, Yongin, Korea.
Reagents and instrumentation:
All of the analytical reagents and instrumentation used in this study were the same as those used in a previous study [23] . Alloxan and sea salts were purchased from Sigma Chemical Co. Evaluation of recovery efficacy on alloxan-induced PI damage in zebrafish larvae: The zebrafish larvae were divided into the following groups: normal group, alloxan-induced group (control group), and alloxan-induced zebrafish larvae groups treated with Frs and compounds 1-4. Wild-type zebrafish larvae 5 days postfertilization were placed into 24-well plates. The larvae were exposed to 600 μM alloxan for 3 hours to induce PI damage. To determine the recovery efficacy of the Frs and compounds, the alloxan-induced larvae were treated with 10 μg/mL Frs or 10 μM compounds for 12 h. Then, the larvae were stained for 30 min with 40 μM 2-NBDG and rinsed with 0.03% sea salt solution for 20 min. After staining, the PIs were observed under a fluorescence microscope and analyzed using Focus software.
Statistical analysis: Statistical analysis was performed using GraphPad Prism (version 5, GraphPad Software, Inc., La Jolla, CA, USA). Data are expressed as mean ± standard error of mean (SEM) for three replicates. Statistical significance was determined using a repeated one-way ANOVA followed by Tukey's post-hoc test. The probability level for statistical significance was P < 0.05.
